A series of new benzimidazole derivatives were synthesized and tested in vitro for possible anticancer activity. Their effect of proliferation into selected tumor cell lines at normoxia and hypoxia conditions was determined by WST-1 test. Additionally, apoptosis test (caspase 3/7 assay) was used to check the mode caused by the agents of cell death. Four of the examined compounds (7, 8, 13, 11) showed a very good antiproliferative effect and three of them were specific for hypoxia conditions (8, 14, 11). Compound 8 was the most cytotoxic against human lung adenocarcinoma A549 cells at hypoxic conditions. Hypoxia/ normoxia cytotoxic coefficient of compound 14 (4.75) is close to hypoxia/normoxia cytotoxic coefficient of tirapazamine (5.59) -a reference compound in our experiments and this parameter locates it between mitomycin C and 2-nitroimidazole (misonidazole). Screening test of caspase-dependent apoptosis proved that exposure to A549 cells of compounds 7-8 and 13-14 for 48 h promote apoptotic cell death. These results supplement our earlier study of the activity of new potentialy cytotoxic heterocyclic compounds against selected tumor cells.
InTRoduCTIon
Hypoxia which is typical for solid tumours is a specific condition which induces adaptive processes such as angiogenesis, erythropoiesis and alteration of the metabolism of tumour cells (Forsythe et al., 1996; Vaupel, 2004) . Hypoxia-inducible factor (HIF-1) plays an important role in the reprogramming of cancer metabolism by activating transcription of genes encoding glucose transporters and glycolytic enzymes leading to increased glucose uptake and pyruvate dehydrogenase kinase 1 (PDK1), which diminishes mitochondrial respiration. The change from oxidative to glycolytic metabolism allows maintenance of redox homeostasis, survival and continued proliferation of cancer cells under hypoxic conditions (Kim et al., 2006; Singh, et al., 2011) .
In order to minimize those survival effects of tumor cells, scientists conduct research into targeted therapy with the use of specific substances which have a bioreductive mechanism of action at hypoxia conditions (Albertella et al., 2008; Błaszczak-Swiątkiewicz et al., 2012; Meng et al., 2003) . They look for new medicines such as analogues of nitro compounds (CB 1954) and heterocyclic N-oxides (tirapazamine, AQ4N) (Kurtzberg et al., 2011; Łazowski, 2007; Semenza, 1999) . The antiproliferative action of medicines is at present one of the most important factors in combating neoplastic diseases. Benzimidazole derivatives are known inhibitors of cell proliferation an (Alpan et al., 2007; Alper et al., 2003) are intensively being studied as they might have anticancer properties Omyła-Staszewska et al., 2003; Panieres et al., 2000; Vaupel, 2004; Wu et al., 2010) . This was the reason for initiating our experiments on a group of new benzimidazole derivatives and N-oxide benzimidazole derivatives. We synthesized a series of benzimidazole derivatives (7-18) to elucidate their antiproliferative activity at normoxia and hypoxia conditions (Scheme 1). Particularly selective activity of N-oxide benzimidazole derivatives into hypoxia was very interesting. Additionally we wanted to determine if the cytotoxic activity led to the cells death by necrosis or apoptosis.
EXPERIMEnTAL
Materials and Methods. Chemistry. IR spectra (KBr discs) were registered using a Mattson Infinity Series FT-IR spectrophotometer (USA). 1 H and 13 C spectra were recorded on a 300 MHz Varian Mercury spectrometer (Germany) in DMSO or CDCI 3 as solvent and tetramethylsilane (TMS) as internal reference. MS spectra (FAB method, M+1, matrix -glycerine) were recorded on a Finnigan Mat 95 spectrometer (Brema, Germany). Carbon, hydrogen and nitrogen elemental analyses were performed using a Perkin Elmer 2400 series II CHNS/O analyzer (Madison, USA) and agreed with proposed structures within ± 0.3% of theoretical values.
Chromatographic purification was performed on HPTLC and silica gel plates (Merck F 254 , Darmstadt, Germany) with indicated eluents. Chemicals and solvents were obtained from commercial sources.
Selected compounds were purified on a Waters 600 LC HPLC system with a Supelco RP-18 column (15 cm × 4 mm × 5 μm plus symmetry C18 guard, Waters) held at 20 o C. Chromatographic peaks were identified with a UV detector (Waters) (Błaszczak-Świątkiewicz et al., 2012) .
General procedure for preparation of compounds 7-12 by directed cyclocondensation. A mixture of equimolar portions of 4-nitro-1,2-phenylenediamine (10 mmol) (2) or 4-chloro-1,2-phenylenediamine (1) and the appropriate aldehyde (3-6) (10 mmol) were dissolved in 50 ml anhydrous ethanol and heated for 24 h under reflux. Then 24 h nitrobenzene (3 ml) was added and the mixture was heated for another 24 h. Next, the reaction * e-mail: katarzyna.blaszczak-swiatkiewicz@umed.lodz.pl Abbreviations: T, tirapazamine, WST-1, water-soluble tetrazolium salt; DMSO, dimethyl sulfoxide; CDCl 3 , deuterated chloroform; FBS, fetal bovine serum; CTR, control sample.
U n c o r r e c t e d P a p e r i n P r e s s Paper in Press, No 2013_454 Vol. 60, 2013 on-line at: www.actabp.pl mixture was concentrated to half its initial volume and a crude precipitate was filtered off. As a result, in this reaction the following compounds ( 7-18) were obtained with chromatographic pure. Chemically homogeneous obtained compounds were confirmed using 25 TLC aluminium sheets with silica gel 60 F 254 and a mixture: chloroform/methanol 6.25% v/v as eluent. General procedure for preparation of compounds 13-18. Anhydrous acetic acid 15 ml and 10 mmol hydrogen peroxide were added to 10mmol of appropriate derivatives of benzimidazole. The mixture was heated under reflux at 50-60 o C. After six hours another 5 mmol of hydrogen peroxide was added. After 24h heating, the mixture was concentrated in vacuo to a small volume, diluted with methylene chloride, and washed with sodium carbonate solution. The organic layer was dried, concentrated in vacuo and diluted with diethyl ether. The solid precipitate was filtered off and recrystallized from isopropanol. Chromatogaphic purity of the obtained compounds was confirmed by TLC as above. 143.4, 142.8, 136.7, 135.7, 135.4, 129.8, 129.3, 128.7, 127.9, 125.5, 123.3 142.9, 133.9, 133.1, 131.9, 129.6, 128.0, 126.4, 124.6, 119.6, 116.5, 113.0 Yield 65%, IR (KBr) v/cm -1 : 3331 (NH), 2914 (CH 2 ), 1505 (NO 2 asym), 1300 (NO 2 sym) 1482 (C=N), 1257 149.7, 147.9, 143.6, 142.5, 136.7, 135.3, 133.2, 129.8, 123.3, 122.8, 121.9, 117.8, 116.0, 101.9 6, 151.2, 142.7, 135.9, 135.3, 134.6, 133.9, 133.8, 132.6, 131.8, 129.8, 128.8, 128.7, 128.2, 127.7, 124.4, 112.9 152.9, 149.3, 148.8, 132.8, 130.9, 129.2, 124.1, 123.9, 122.6, 116.6, 115.8, 112.3, 111.0 152.5, 137.9, 133.7, 132.7, 128.7, 128.5, 128.2, 127.5, 127.1, 126.8, 126.5, 126.4, 125.5, 123.8, 122.8, 117.8, 116.0 147.8, 144.3, 139.8, 135.3, 133.9, 129.6, 126.2, 124.4, 118.6, 116.1, 112.9 ; MS m/z: 301.0, 299.0; calculated for C 13 H 8 N 4 O 5 : C 52.01, H 2.69, N 18.66; found C 52.14, H 2.70, N 18.60. R f = 0.50.
2-Benzo[1,3]dioxol-5-yl-5-nitro-1H-benzimidazole n-oxide (15)
Yield 75%, IR (KBr) v/cm -1 : 3330 (NH), 1482 (C=N), 1504 (NO 2 asym), 1300 (NO 2 sym), 1237 (C-O-Casym), 1258 (N-O), 1037 (C-O-Csym); H 1 NMR (DMSO-d 6 ) δ: 13.5 (s,1H,NH), 8.4 (s,1H,CH,) 8.2-8.1 (dd,2H,CH, J=8.5, 8.9 Hz), 7.8-7.7 (dd,2H,CH, J=7.7, 8.3 Hz), 7.1 (d,1H,CH, J=0.4 Hz), 6.1 (s,2H,CH 2 ,); 13 C NMR (DM-SO-d 6 ) δ: 155.6, 149.6, 147.9, 142.4, 135.3, 129.8, 123.3, 123.3, 122.9, 121.8, 117.8, 108.8, 106.7, 101.9 ; MS m/z: 300.2, 298.1; calculated for C 14 H 9 N 3 O 5 : C 56.19, H 3.03, N 14.04; found C 56.40, H 3.03, N 13,99 . R f = 0.51. 
dd, 2H,CH, J=2.9 Hz); 13 C NMR (DMSO-d 6 ) δ: 172. 1, 155.8, 142.8, 133.9, 132.7, 128.9, 128.7, 127.9, 127.8, 127.2, 126.9, 126.4, 123.9, 118 Cell culture. The human lung adenocarcinoma A549 cell line purchased from Health Protection Agency Culture Collections (ECACC, Salisburg, UK), was cultured in F12K medium (HyClone, UK) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (10 U/ml) and streptomycin (10 µg/ml) in air with 5% CO 2 at 37°C .
Hypoxic cells were obtained by culturing in a hypoxic incubator in 1% O 2 and 5% CO 2 at 37°C for 24 h before treatment.
Cell viability/cytotoxicity assay. To determine anticancer activity of the analyzed compounds we evaluated cell viability using WST-1 assay (Millipore) according to manufactur's instruction. The assay is based on the conversion of the tetrazolium salt WST-1 to formazan by cellular mitochondrial dehydrogenases. Therefore, the amount of formazan dye formed directly correlates to the number of live cells in the culture. A549 cells were seeded in 96-well plates at a density of 5000 cells/well and cultured in normoxic condition. To investigate the effect of compounds on hypoxic cancer cells, A549 cells were exposed to hypoxia (1% O 2 ) for 24 h before treatment. Stock solution of the tested compounds was prepared in DMSO and diluted in complete medium to give the final concentration in the range from 1 to 500 µM. Normoxic and hypoxic cells were treated with different concentrations of tested compounds or vehicle (0.2% DMSO) for control cells. Cell viability was assessed after 48h incubation with compounds in normoxic or hypoxic conditions. Briefly, WST-1 reagent was added to the cells and the absorbance was determined at 440 nm using a microplate reader (Synergy H1, Bio-Tek) after 3 h incubation at 37°C. The percentage (%) of cell viability related to control cells was calculated by [A] test/[A] control × 100. Where [A] test is the absorbance of the cells treated with compounds and [A] control is the absorbance of control cells. IC 50 values (concentration of tested compounds required to reduce cell density to 50%) were calculated by concentration-response curve fitting using a Microsoft Excelbased analytic method.
Apoptosis assay. Effect of compounds on cell apoptosis was determined using the Caspase Glo 3/7 assay [Promega] according to manufactur's instruction. The assay is based on measurement of caspase-3/7 activity via a proluminescent substrate containing the peptide DEVD (Z-DEVD-aminoluciferin). Following caspase cleavage, a substrate for luciferase is released resulting in the luciferase reaction and the production of luminescent signal.
A549 cells were seeded in white 96-well plates at a density of 5000 cells/well and cultured in normoxic or hypoxic conditions for 24h before treatment with vehicle or selected compounds. Caspase 3/7 activity in normoxic and hypoxic cells was measured after 4h, 24h and 48h incubation with tested compounds. Luminescence values were measured by a microplate reader (Synergy H1, BioTek) at gain 135.
Cell morphology. The effects of tested compounds at normoxia and hypoxia on cell morphology after 48h treatment were evaluated by phase-contrast microscope (OptaTech).
Statistical analysis of the data. The results are expressed as mean ± S.D. Statistical analysis was Student's t-test. P < 0.05 was considered significant.
Results And discussion

Chemistry
The method used to synthesize the benzimidazole derivatives and N-oxide benzimidazole derivatives is shown in Scheme 1. The cyclocondensation of diamine with aldehydes was conducted according to the described method (Jerchel et al., 1952; Pommier, 2006) . We worked out conditions for obtaining new benzimidazole derivatives and N-oxide benzimidazole derivatives, compounds which might possess anticancer properties and selective affinity to cells under hypoxic conditions.
Cyclization of the proper aryldiamine (1-2) with proper arylaldehyde (3-6) in anhydrous solvent at its boiling point gave benzimidazoles (7-12) (Fig. 1a) resulting in 55 -70% yields. N-oxide benzimidazole derivatives (13-18) (Fig. 1b) were obtained by direct reaction of 30% solution of hydrogen peroxide with benzimidazole derivatives, obtained in the first stage (7-12), in glacial acetic acid with 45-75%. The synthetic process included reactions -Scheme 1. The structure of the new benzimidazole derivatives was established by X-ray crystal structure analysis (Błaszczak-Świątkiewicz et al., 2012) .
Biological activities
Anticancer activity of newly synthesized benzimidazole derivatives (7-12) and N-oxide benzimidazole derivatives (13-18) was investigated in vitro on human lung adenocarcinoma A549 cells. The antiproliferative activity of compounds was examined by the WST-1 assay after a 48 h exposure. The results were expressed as fraction of viable cells. Cell apoptosis was determined by caspase 3/7 activity assay. Changes in cell morphology induced U n c o r r e c t e d P a p e r i n P r e s s by the compounds were visualized by phase-contrast microscopy. We also evaluated the anticancer effects of tested compounds in hypoxic cells. Tirapazamine was used as a reference drug.
Effect of newly synthesized compounds on cancer cell viability in normoxia
Concentration-response analysis was performed to determine compound concentrations required to inhibit the growth of cancer cells by 50% (IC 50 ) after incubation for a 48 h. Synthesized compounds were tested in a wide range of concentrations, from 1 to 500 μM. The fraction of live cells after treatment was evaluated by WST-1 assay.
Four out of 12 tested compounds showed IC 50 values below 100 µM in cells cultured in normoxic conditions (Table 1: compounds 7, 9, 13, 15 ). For comparison, in the same experimental conditions 162 μM tirapazamine was required to inhibit the growth of A549 cells by 50%. Compound 7 and 13 were found to have a higher anticancer activity, with an IC 50 value of 36.6 ± 1.8 μM and 24.4 ± 2.6 μM, respectively. Culture of A459 cells in the presence of compound 7 at 30 uM caused approximately 35% inhibition of cell growth compared to control cells. However, treatment of cells with compound 13 at the same concentration decreased cell viability by 87% (Fig. 2) . These results demonstrated a much higher effectiveness of compound 13 compared to compound 7 at low concentration (30 uM). A smaller effect on cell growth was observed after treatment with benzimidazole derivatives 9, 15 (IC 50 value 73.4 ± 1.6 μM and 72 ± 2.7 μM, respectively). Other tested benzimidazole derivatives were less effective and showed much higher value of IC 50 over the range 160-460 μM (Table 1) .
The results showed that benzimidazole derivatives which have a substituent of chlorophenyl (componds 7, 13) or piperonyl (compounds 9, 15) inhibited the growth of A549 cells more potently than analogous benzimidazole derivatives with nitrophenyl (compounds 8, 14) or naphthyl (compounds 10, 16) groups.
These results are very similar to our earlier results of cytotoxic activity of new benzimidazole derivatives tested against of human malignant melanoma WM 115 cells (Oksuzoglu et al., 2008) .
Effect of new compounds on viability of hypoxic cells
Tumor microenvironment characterized by hypoxia is the target of novel potential anticancer substances which have a bioreductive mechanism of action. For these reasons we also evaluated effects of our compounds on hypoxic cancer cells. A549 cells were exposed to hypoxia (1% O 2 ) for 24 h before treatment and were maintained in hypoxic condition during culture in the present of the compounds. As shown in Table 1 , the most active agents among the benzimidazole series 7-18 in hypoxic conditions were compounds 7 and 13. In hypoxic conditions, the cell viability was significantly decreazed when cells were cultured in the presence of compounds 8 and 14. Both compounds at 56 μM inhibited the growth of hypoxic tumor cells by approximately 50% (comp. 7 -IC 50 value 56.8 ± 1.5 μM, comp. 13 -IC 50 value 56.0 ± 2.5 μM). Exposure of hypoxic cells to compound 8 and 14 at 97 μM decreased cell survival by 50%. Moreover, compound 14 was more effective in hypoxic cells compared to normoxic cells with IC 50 96.8 ± 1.9 µM and 460 ± 1.5 µM, respectively. The same activity is characteristic for compound 8. Beside the nitrobenzimidazole derivatives, chlorobenzimidazole derivatives showed promising activity as well. Compounds 11 and 17 demonstrated good antyproliferative properties, especially when we considered growth inhibition of compound 17 at hypoxia conditions (comp. 17 -IC 50 value 190 ± 1.1 μM). In contrast, compounds 9 and 16 showed no significant anticancer effect at any dose tested in hypoxic cells (Table 1, Fig. 2 ).
Effect of compounds on cell apoptosis
Based on their IC 50 values, we selected compounds 7, 8, 13 and 14 for further biological evaluation. To evaluate if inhibition of cell growth in response to these compounds was due to induction of apoptosis, caspase 3/7 activity was measured. Apoptosis assay was performed in normoxic and hypoxic A549 cells exposed to selected compounds at U n c o r r e c t e d P a p e r i n P r e s s Vol. 60 the IC 50 concentration for different periods of time. Treatment of normoxic cells with compounds 7, 8, 13 and 14 did not increase the caspase 3/7 activity over the control cell levels after a 24 h or 48 h exposure (Fig. 3) . Similar results were obtained for hypoxic cells (Fig. 3) . In contrast, treatment of normoxic and hypoxic cells with tirapazamine for 24 h increased caspase 3/7 activity 4-fold and 7-fold compared to control cells for each condition, respectively (Fig.  3) . These results suggest that these compounds at the tested concentrations inhibited A549 cell growth rather than by inducing apoptotic death. Moreover, our results demonstrated that culture of the cells in hypoxia decreased caspase 3/7 activity approximately 2-fold (Fig. 3A) and 7-fold (Fig. 3B ) compared to control normoxic cells. These results showed that generally hypoxia contributes to increased cancer cell survival by attenuation of cell apoptosis, not necrosis. Screening test of caspase-dependent apoptosis of tested compounds for a 48 h hypoxic and normoxic U n c o r r e c t e d P a p e r i n P r e s s exposure showed promoting apoptotic cell death in relation to necrotic death.
ConCLuSIon
Compounds 7 and 13 were the most effective in inhibiting growth of normoxic as well as hypoxic A549 cells. Compounds 8 and 14 were more potent to specifically inhibit cell viability of hypoxic cancer cells while they were less effective in normoxic cells. Moreover, hypoxic/aerobic cytotoxicity coefficient of compound 8 was 4.75 while for tirapazamine it was 5.59. This parameter locates compound 8 between mitomycine C (cytotoxic coefficient from 1-5) and 2-nitroimidazole (misonidazole) with toxicity coefficient 5-15. As we showed at control samples at Fig. 3 , normoxia didn't limit proliferation and opposite to hypoxia, the density of cells at normoxia was enhanced. This was direct cause of increasing of tumor cells death at control sample at normoxia. Because of this reason we found that benzimidazoles at hypoxia conditions promote cell death more by apoptosis than necrosis. In our opinion apoptosis depends on increasing of inhibition of tumor cells' proliferation by benzimidazoles as a bioreductive agents. Normoxic and hypoxic A549 cells were cultured in the presence or absence (CTR, control) of selected benzimidazole derivtives and tirapazamine (T) as a reference compound at indicated concentrations. Cell apoptosis was determined by caspase 3/7 activity assay after 24h and 48h treatment. Caspase activity was measured as luminescence intensity [RLU] and expressed as mean ± S.D., n=3.
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